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Abstract
Distributions of event shape variables and of momenta of charged particles and identied
hadrons measured in hadronic Z decays are used to tune many parameters of the QCD Monte
Carlo models JETSET, ARIADNE and HERWIG. The predicted rate of p
out
?
> 1 GeV charged
particles is signicantly low in all models considered. The momentum spectra of identied hadrons
are well described by JETSET and ARIADNE.
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Distributions of event shape variables and single charged particle momenta of hadronic Z decays
measured by the ALEPH detector are presented. These are updates of earlier work [1] with about
10-fold increase in statistics. Together with inclusive momentum spectra or production rates of
identied hadrons and hadron resonances recently published by ALEPH [2, 3, 4, 5, 6], they are
used to tune the most important free parameters of the QCD + hadronisation models JETSET
[7], ARIADNE [8] and HERWIG [9].
2 Event selection and data analysis
The analysis presented here is based on tracks of charged particles. Tracks are selected that have
at least 4 measured space coordinates from the TPC, a polar angle in the range 20

<  < 160

,
and a transverse momentumwith respect to the beam direction of p
?
> 0:2 GeV. In addition, the
closest radial distance of approach of the extrapolated track to the beam line, d
0
, is required to
be less than 2 cm, and the z-coordinate of the point of closest approach, z
0
, is required to be less
than 5 cm.







computed. Hadronic events are required to have at least 5 charged tracks, E
ch
> 15 GeV, and






. The latter cut ensures that
the event is well contained within the detector. In addition, for events with 5 or 6 tracks it was
required that the invariant mass of at least one hemisphere be greater than the  mass. This




events to negligible levels, and results in 571 800 accepted
events from the 1992 data taking period at a center of mass energy E
cm
= 91:2 GeV.
The following event-shape and single particle variables are computed using charged particles
(all distributions are normalized to the number of hadronic events) :
- S, sphericity;
- A, aplanarity;


































, component of momentumalong the eigenvector corresponding to the smallest eigenvalue




, component of momentum along the eigenvector corresponding to the second smallest
eigenvalue of the sphericity tensor;
Corrections for detector eects and initial state photon radiation were calculated from a large
sample of fully simulated JETSET events in the same way as in [1]. Simple bin-by-bin correction
1
factors are applied to the single particle distributions. The bin sizes of these distributions were
chosen to be always at least twice as large as the detector resolution. The event shape distributions
were corrected by means of a matrix method (see e.g. [10]) which allows one to use smaller bin
sizes than would be reliable with bin-by-bin corrections. The bin sizes were chosen here to be
somewhat smaller than the corresponding detector resolution. The dierences between the results
of the matrix method and those of the factor method are of the order of the statistical uctuations.
Systematic uncertainties have been estimated by individually varying all track and event
selection cuts. The maximumchange in each bin with respect to the standard set of cuts is included
in the systematic error. In addition, a systematic error due to model dependence was estimated by
computing simplied correction factors based on the models JETSET, ARIADNE and HERWIG.
The total systematic error in each bin is given as the quadratic sum of the contributions from
cut dependence and model dependence, and is typically at the 0.5 - 1 percent level in the heavily
populated regions of the distributions.
The corrected distributions are shown in Figs. 1 to 8 together with the predictions of tuned
QCD Monte Carlo models.
3 Tuning of model parameters
The QCD models considered consist of a perturbative QCD part (quark-gluon shower) which is
controlled by the scale parameter  and a cut-o mass parameter, followed by a model to describe
hadronisation. JETSET and ARIADNE use the colour string model wheras HERWIG uses the
cluster model. The free parameters of such QCD models must be determined by comparisons
with data. Since Monte Carlo calculations are computer time consuming (even without detector
simulation) the predictions for the measurable quantities as a function of the model parameters ~x
have to be parametrized by e.g. low-order polynomials. It is found that the dependence is smooth
though not necessarily linear. Because of the large number of JETSET string model parameters,
it was necessary to go to a linear approach [12]. The limitations of such a linear approach can
be compensated by iterating the t process. An initial expansion point ~x
0
is chosen according to
previous knowledge of the parameter values (e.g. the defaults). The result of the 
2
t to the
data is then taken as the next expansion point. If the parameter values change by less than their
errors, the iteration is stopped. In practice very few iterations were found to be necessary.

















with respect to the parameters ~x, where the sum runs over all bins of all distributions considered,
D
j
are the data distribution values and M
j




are taken to be the quadratic sums of the statistical and systematic uncertainties;
Monte Carlo errors are small compared to these and are neglected. By use of the equation
above the correlations between the experimental data points are not taken into consideration.
Correlations are known to be present, however, since there are both intrinsic correlations between
variables as well as systematic errors from the correction procedure which introduce correlations
between neighboring bins. As a result, the errors on the tted parameters and the corresponding

2
values should only be regarded as giving a rough measure of the statistical uncertainty and
relative goodness-of-t.
The following two groups of measured quantities are used in the ts :
2
 the event shape and single charged particle distributions listed above in section 2;
 inclusive spectra of  =  ln(x
p




, and for the
charged kaons and (anti)protons; inclusive spectra of x
p

























are taken from DELPHI [11] .
Because of the large number (15) of parameters in JETSET and ARIADNE, the following
special treatment is necessary. First, some parameters belonging to the heavy avour sector were




controlling the fragmentation of hadrons containing




values [13, 14]. The probability for vector mesons containing c  or b  quarks is set to 0.65,
which represents a compromise between the values 0.55(0.75) necessary to describe charm(bottom)
hadrons separately. The heavy vector meson probability of 0.65 together with the tensor meson
parameter PARJ(17) = 0.2 provides a good description of the recently measured fraction of B

=B
[15]. The parameter PARJ(17) is held xed at 0.20 in the following since it also gives a good
description of light tensor meson (f
0
2
) production. For the production rates of higher meson






= 1 : 3 : 5 = PARJ(15) :
PARJ(16) : PARJ(17), independent of avour. In addition, the two 1
+
multiplets are assumed to
be produced with equal rates (PARJ(14)=PARJ(16)).
The remaining JETSET and ARIADNE parameters are separated into the following two groups
:









 the spin/avour parameters controlling the type of hadron produced : P (S = 1)
u;d
;
P (S = 1)
s
, s=u; qq=q; (su=du)=(s=u); 
0
- suppression factor (PARJ(26)), leading baryon
suppression factor (PARJ(19)).
Then, a global t of these parameters to all data is performed. This yields starting values for
the next step, where the spin/avour parameters are tted to the second group of data and the
general fragmentation parameters are held xed. Then the spin/ avour parameters are held xed
and the fragmentation parameters are tted to the rst group of data.
Because of the smaller number of parameters (5) in the HERWIG model, the multi-step
procedure described above is not necessary. and a global t of the parameters was performed. One
characteristic feature of HERWIG is the extreme sensitivity of baryon production to the maximum
cluster mass parameter, M
cl;max
. This parameter is also constrained by the charged particle p
?
distributions. It was found impossible to reproduce the rates of all measured baryon species with
one set of parameter values. In the global t therefore the baryons other than proton and 
0
were
excluded, and only the total 
0
rate was used instead of its momentum distribution.
4 Fit results
The tted parameter values are given in Tables 1,2 and 3. Figures 1 through 8 show the charged







. The lower parts of these gures show the dierences between model predictions
and data in units of the total errors. From these gures one sees that the overall description of
the data by the tuned QCD models is quite reasonable, though not perfect. As a consequence,
3
modest variations in the choice of the set of distributions or of the regions of these distributions
have some inuence on the tted values of the parameters, which is indicated as systematic error
in the last column of the tables.
The event shape distributions S and 1   T are well reproduced by JETSET and ARIADNE,
while HERWIG gives a somewhat worse t in particular at high values of 1  T . The predictions
of JETSET and ARIADNE are systematically below the data at high values of A and T
minor
,
which are the variables related to the particle momenta perpendicular to the event plane. While
HERWIG is much better in this region, it shows problems in the peak regions of these variables.
The scaled momentumx
p
distribution, which runs over 5 decades, is seen to be better described
by JETSET or ARIADNE than by HERWIG. All model predictions are low in the region of very
low momenta (x
p
< 0:014). Some deviations are seen for JETSET and ARIADNE at intermediate
x
p
values (0.2-0.3) and at the high end of the spectrum (x
p
> 0:75). This latter region is very
sensitive to the values of the fragmentation parameters.
All models exhibit a major problem in the p
out
?
distribution above 800 MeV. The predictions lie
up to 35% below the data. The origin of this problem is unknown. The leading-log approximation




 0.7 GeV (in addition the regions A  0:06 and T
minor
 0:2 in the case of JETSET
and ARIADNE) were excluded from the ts presented here. This has a small eect on the values
of the parameters; for example 
JETSET




distribution is not very well described either. The model predictions are low at high
values (above 4 GeV) and exhibit a wave structure around the data below about 2 GeV.
Measured multiplicities of identied hadrons and results from the tuned models are given in
Table 4. As these data have been used to tune the many string model parameters of JETSET, it is
not surprising to nd good agreement. The tuned version of JETSET is seen to better reproduce
the mean multiplicities of the K
0







default parameter setting. Note that L=1 mesons are switched o in the default version. HERWIG
with only 5 free parameters reproduces the meson multiplicities quite well. However, the extra
stangeness suppression parameter, p(s), has a tted value smaller than unity, thus weakening the
predictive power of the cluster model. The HERWIG predictions for the multiplicities of strange
baryons disagree with the data.
The ln(1=x
p






and proton are remarkably well reproduced by JETSET
and ARIADNE. This is largely a result of the tuning procedure. JETSET with default parameter
setting predicts momentum spectra which are too soft (this also applies to x
p
(charged)). The
agreement for high-x (low ) baryons is somewhat articial as leading baryon suppression has
been allowed in the string model. HERWIG develops a bump in this region which is not seen in
the data.
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parameter name in default range t result (prelim.)
program value generated value error syst.

QCD
PARJ(81) 0.29 0.21 - 0.37 0.291  0.002  0.006
M
min
PARJ(82) 1.0 1.0 - 2.0 1.52  0.03  0.13

q
PARJ(21) 0.36 0.28 - 0.44 0.371  0.002  0.008
a PARJ(41) 0.30 0.20 - 0.60 0.40 (xed)
b PARJ(42) 0.58 0.60 - 1.00 0.805  0.010  0.033

c
{PARJ(54) 0.050 0.015 - 0.065 0.040 adjusted

b
{PARJ(55) 0.005 0.0005 - 0.0075 0.0035 adjusted
p(S = 1)
d;u
PARJ(11) 0.50 0.40 - 0.70 0.56  0.02  0.06
p(S = 1)
s
PARJ(12) 0.60 0.35 - 0.65 0.47  0.02  0.06
p(S = 1)
c;b





;L = 1; S = 1) PARJ(17) 0.0 0.10 - 0.30 0.20 adjusted
extra 
0
suppression PARJ(26) 0.40 0.05 - 0.55 0.27  0.03  0.09
s/u PARJ( 2) 0.30 0.19 - 0.39 0.287  0.004  0.014
qq/q PARJ( 1) 0.10 0.05 - 0.15 0.107  0.003  0.003
(su/du)/(s/u) PARJ( 3) 0.40 0.4 - 1.0 0.68  0.05  0.07
leading baryon suppr. PARJ(19) 1.0 0.2 - 1.0 0.56  0.03  0.10
switch setting
fragmentation function MSTJ(11) 4 3
baryon model MSTJ(12) 2 3
azimuthal distrib. in ps MSTJ(46) 3 3
Table : Parameters for JETSET 7.405, azimuthal anisotropy in parton shower
5
parameter name in default range t result (prelim.)
program value generated value error syst.

QCD
PARA( 1) 0.22 0.15 - 0.30 0.228  0.002  0.005
p
T;min
PARA( 3) 0.60 0.6 - 1.1 0.75  0.02  0.04

q
PARJ(21) 0.36 0.28 - 0.44 0.359  0.002  0.010
a PARJ(41) 0.30 0.20 - 0.60 0.40 (xed)
b PARJ(42) 0.58 0.65 - 1.05 0.830  0.014  0.05

c
{PARJ(54) 0.050 0.025 - 0.075 0.040 adjusted

b
{PARJ(55) 0.005 0.0005 - 0.0085 0.0035 adjusted
p(S = 1)
d;u
PARJ(11) 0.50 0.35 - 0.65 0.57  0.02  0.03
p(S = 1)
s
PARJ(12) 0.60 0.35 - 0.65 0.47  0.02  0.04
p(S = 1)
c;b





;L = 1; S = 1) PARJ(17) 0.0 0.07 - 0.27 0.20 adjusted
extra 
0
suppression PARJ(26) 0.40 0.10 - 0.60 0.29  0.03  0.02
s/u PARJ( 2) 0.30 0.19 - 0.39 0.286  0.004  0.017
qq/q PARJ( 1) 0.10 0.05 - 0.15 0.114  0.003  0.003
(su/du)/(s/u) PARJ( 3) 0.40 0.2 - 0.9 0.66  0.05  0.07
leading baryon suppr. PARJ(19) 1.0 0.2 - 1.0 0.52  0.03  0.10
switch setting
fragmentation function MSTJ(11) 4 3
baryon model MSTJ(12) 2 3
Table 2: Parameters for ARIADNE 4.05 (+JETSET 7.4 for hadronisation)
parameter name in default range t result (prelim.)
program value generated value error syst.

QCD
QCDLAM 0.18 0.12 - 0.18 0.147  0.001  0.005
M
gluon
RMASS(13) 0.75 0.7 - 1.0 0.670  0.005  0.015
M
clust;max
CLMAX 3.35 3.0 - 4.0 3.66  0.01  0.10
s() CLSMR 0.0 0.0 - 1.0 0.72  0.02  0.06
p(s-quark) PWT(3) 1.0 0.6 - 1.0 0.78  0.01  0.06
Table 3: Parameters for HERWIG 5.8
6
particle ALEPH data JETSET 7.4 JETSET 7.4 ARIADNE 4 HERWIG 5.8
default tuned
all charged 20.91  0.22 20.96 20.64 20.60 20.65
; x  0:1 0.282  0.022 0.286 0.297 0.294 0.336

0
(958); x  0:1 0.064  0.014 0.130 0.071 0.072 0.081
K
0
2.06  0.05 2.21 2.08 2.09 2.03

0
(770) 1.45  0.22 1.50 1.37 1.37 1.33
!(782) 1.07  0.14 1.35 1.29 1.28 0.86
(1020) 0.122  0.009 0.194 0.098 0.100 0.092
K
+
(892) 0.71  0.07 1.10 0.72 0.72 0.69
K
0
(892) 0.83  0.11 1.10 0.72 0.72 0.69

0
0.386  0.016 0.385 0.380 0.380 0.464

 
0.0285  0.0021 0.0275 0.0332 0.0327 0.062


(1385) 0.065  0.010 0.075 0.068 0.068 0.160

0








(1270); x  0:05 0.17  0.04 0.0 0.16 0.16 0.16
f
0
(980); x  0:05 0.098  0.016 0.0 0.032 0.032 0
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Figure 12: The distribution of   ln(x
p
) for
protons.
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